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Diﬀusional growth of cloud droplets in homogeneous
isotropic turbulence: DNS, scaled-up DNS, and
stochastic model
Wojciech W. Grabowski1 , Lois Thomas2 , and Bipin Kumar2
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Diﬀusional growth of cloud droplets in a turbulent environment is a poorly understood
aspect of cloud physics. In this study, we use the Direct Numerical Simulation (DNS)
to study the impact of large turbulent eddies on the growth of cloud droplets by the
diﬀusion of water vapor. Large eddies generate higher supersaturation ﬂuctuations and
droplets grow or evaporate in response to these local ﬂuctuations. The traditional DNS
cannot simulate scales larger than ∼1 m due to the excessive computational cost that
comes from resolving all scales involved and from following every single droplet. We
address this problem by using what we refer to as the ‘scaled-up DNS’. The scalingup is done in two parts, ﬁrst by increasing the size of the computational domain and
appropriately increasing the Turbulent Kinetic Energy (TKE), and second by using superdroplets instead of real droplets. In the scaled-up DNS, the domain size is increased
keeping the number of grid points the same as in the real DNS. To ensure proper TKE
dissipation at small scales, the viscosity is also appropriately scaled-up with the grid
length. For the scaled-up domains, say, meters and tens of meters, the number of droplets
to be followed is in billions, which is computationally impossible. To address this issue we
use super-droplets, where each super-droplet represents a group of identical real droplets.
The number of real droplets represented by a super-droplet is given by the additional
attribute referred to as the multiplicity. We conducted scaled-up simulations for ﬁve
domains, the largest being 643 m3 volume using a DNS of 2563 grid points. All the
simulations are carried out with vanishing mean vertical velocity and thus with no mean
supersaturation, similarly to the past DNS studies. As expected, the supersaturation
ﬂuctuations as well as the spread in droplet size distribution increase with the domain
size, with the mean droplet radius variance increasing with time t as t1/2 as identiﬁed
in previous DNS studies. Scaled-up simulations were repeated with diﬀerent values of
the super-droplet multiplicity to show numerical convergence of the scaled-up solutions.
Finally, we compare the scaled-up DNS results with a stochastic model that calculates the
supersaturation ﬂuctuations and droplet growth based on the vertical velocity ﬂuctuations
updated using the Langevin equation. Overall, the results document similar scaling as
in previous small-domain DNS simulations and support the notion that the stochastic
subgrid-scale model is a valuable tool for the multi-scale large-eddy simulation of natural
clouds.

Note:
This study has been submitted to the journal "Atmospheric Chemistry and Physics"
and now in the discussion. The manuscript can be downloaded from the link below.
URL: https://www.atmos-chem-phys-discuss.net/acp-2020-159/
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Cloud droplet size distribution shape is a key aspect of parameterized cloud processes
in large scale weather and climate models, where explicit representation of the smallscale processes is diﬃcult, and in remote sensing retrievals that require input for the
inversion process. Typically, the size distribution shapes utilized have been obtained empirically from ﬁeld measurements. A theoretical droplet size-distributions grounded on
fundamental physical principles would be highly valuable for these applications. However,
it is essential to test these theoretical formulations using well characterized observations,
which is challenging with ﬁeld measurements because of sampling challenges, variable conditions, and the simultaneous action of many diﬀerent physical processes. In this work
theoretical expressions for cloud droplet size distribution shape are evaluated using measurements in a convective-cloud chamber. The experiments are a unique opportunity to
constrain theory because they are in steady-state, because the initial and boundary conditions are well characterized, and because some complicating processes are eliminated.
Three distributions obtained from a Langevin drift-diﬀusion approach to cloud formation via stochastic condensation are tested: (i) stochastic condensation with a constant
removal timescale; (ii) stochastic condensation with a size-dependent removal timescale;
(iii) droplet growth under ﬁxed supersaturation conditions and with removal due to the
gravitational settling. In addition, a similar Weibull distribution that can be obtained
from the drift-diﬀusion approach, as well as from mechanism-independent probabilistic
arguments (e.g., maximum entropy), is tested as a fourth hypothesis. An extensive set
of cloud droplet size distributions are measured under diﬀerent aerosol injection rates.
Five diﬀerent aerosol injection rates are run both for size-selected aerosol particles, and
six aerosol injection rates are run for broad-distribution, polydisperse aerosol particles.
In relative comparison, the most favorable comparison to the measurements is the expression for stochastic condensation with size-dependent droplet removal rate. However,
even this optimal distribution breaks down for broad aerosol size distributions, primarily
due to deviations from the measured large-droplet tail. A possible explanation for the
deviation is the Ostwald ripening eﬀect coupled with deactivation/activation in polluted
cloud conditions or the unaccounted spatial variability in the droplet concentration. Both
mean supersaturation and ﬂuctuations play an important role in determining the parameters (e.g., scale parameter) of the droplet size distribution, with their relative importance
depending on the conditions of the experiment (e.g., cloud droplet number density).
References
[1] K. K. Chandrakar, I. Saito, F. Yang, W. Cantrell, T. Gotoh, and R. A. Shaw.
Droplet size distributions in turbulent clouds: experimental evaluation of theoret-

ical distributions. Quarterly Journal of the Royal Meteorological Society, 2019;1–22.
https://doi.org/10.1002/qj.3692

Scale dependence of droplet spectra broadening by
stochastic condensation in a rising air parcel
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Scale dependence is investigated for droplet spectra broadening by stochastic condensation in an air parcel rising adiabatically at constant speed. It is shown that the scale
dependence can be interpreted as the dependence on the Damköhler number Da(= T /τc ),
where T is the large-eddy turnover time and τc is the phase relaxation time. For Da ≪ 1,
which is the case for many previous direct numerical simulation (DNS) studies on cloud
turbulence, the supersaturation fluctuation is not so much aﬀected by cloud droplets, and
the variance of the squared radius of cloud droplets, σR2 2 , grows in proportional to the time
t, just like the variance of the displacement of a Brownian particle. On the other hand,
for Da ≫ 1, which applies to the atmospheric clouds and many of the large-eddy simulation (LES) studies, the supersaturation fluctuation is damped by cloud droplets, and its
amplitude is limited to that required from the so-called quasi-equilibrium condition. In
this case, σR2 2 grows approximately as t1/3 .
Large-scale DNSs are conducted for the growth of cloud droplets in an adiabatically rising
air parcel by using the DNS model “cloud microphysics simulator”, which has been developed in our group [1, 2]. In the air parcel, turbulent velocity field is kept at a statistically
steady state by the external random Gaussian forcing, and the supersaturation fluctuation is excited by the forcing which is proportional to the vertical turbulent velocity field.
The simulation results with various parameters (including T and τc ) confirms σR2 2 ∝ t and
∝ t1/3 for experiments with Da ≪ 1 and Da ≫ 1, respectively, and also demonstrates
the transition between the two limits. At least Da > 5 is needed for the assumption of
Da ≫ 1 to be valid. We also discuss possible implications for observations and cloud
turbulence parameterizations proposed in the previous studies.
References
[1] T. Gotoh, T. Suehiro & I. Saito, Continuous growth of cloud droplets in cumulus
cloud, New J. Phys. 18, 043042 (2016).
[2] I. Saito & T. Gotoh, Turbulence and cloud droplets in cumulus clouds, New J. Phys.
20, 023001 (2018).

Eﬀects of two-way momentum coupling
on the collision statistics of cloud droplets
in turbulent ﬂows.
Bogdan Rosa
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Parametrization of cloud microphysical processes in NWP models is viewed as the major
source of uncertainty of simulated forecasts. To develop more realistic parameterizations
of these sub-grid scale cloud processes a wide range of eﬀects related to the interaction of
the water droplets with turbulent air needs to be explored. Most of the former numerical
simulations were based on Eulerian-Lagrangian approach, being typically simpliﬁed to
one-way coupling. In the present study [1] the dynamics of cloud droplets in isotropic,
homogeneous turbulence is investigated with taking into account eﬀects of two-way interphase momentum transfer, so-called two-way coupling. The continuous phase is solved
in the Eulerian approach employing DNS. The size of computational meshes varies from
1283 up to 10243 . The dispersed phase is treated using the Lagrangian approach along
with the point-particle assumption.
It turns out that the two-way momentum coupling aﬀects more strongly the dynamics of
the systems with the settling droplets. This is mainly reﬂected in increase of the radial
relative velocity at larger mass loadings. The eﬀect of two-way coupling on the RDF is
rather complex and depends on the particle inertia. For smaller droplets we observed
little enhancement of the RDF which is a consequence of formation of additional vortical
structures by settling droplets. The RDF of large inertia droplets is signiﬁcantly reduced.
The relation between collision kernel and the droplet mass loading is presented in the
ﬁgure below. The increase of Γ in simulations with gravity is the eﬀect of larger RVV.

Fig. 1: Dynamic collision kernel as a function of droplet mass loading. Open markers, simulations without gravity; ﬁlled
markers, with gravity. Dashed lines - results from simpliﬁed simulations in which
one computational droplet represents several real droplets.
References
[1] B. Rosa, J. Pozorski and L-P. Wang, Eﬀects of turbulence modulation and gravity on
particle collision statistics, Submitted to Int. J. Multiph. Flow (2020).
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We have implemented the Immersed Solid Method (ISM) [1], one of the immersed boundary
methods for size-resolving simulations, in the Lagrangian Cloud Simulator (LCS) [2], which adopts
the so-called Euler-Lagrangian framework and can simulate droplet growth in air turbulence. This
implementation enables the LCS to deal with large particles whose particle Reynolds numbers (Re p)
exceed unity or whose sizes exceed the Kolmogorov scale. Several validation tests for drag
coefficient and collision efficiency have been completed. They have shown the robustness of the
LCS-ISM and its good computational efficiency. A high-performance computing with the LCS-ISM
has successfully obtained turbulent collision statistics of large spherical particles in homogeneous
isotropic turbulence. The LCS-ISM simulations, i.e., the size-resolving simulations, has quantified
the possible error induced if the point-particle assumption is adopted for large Rep inappropriately. It
can be also used to highlight several issues unsolvable if with the point-particle assumption.

Fig.1: Energy dissipation distributions in homogeneous isotropic turbulence with (a)Reλ=53 and (b)Reλ=210
with containing 4,096 large particles.
References
[1] R. Onishi, K. Matsuda and K. Takahashi. Lagrangian Tracking Simulation of Droplet Growth in
Turbulence–Turbulence Enhancement of Autoconversion Rate, J. Atmos. Sci., 72: 2591-2607, 2015.
[2] T. Kajishima, S. Takiguchi, H. Hamasaki and Y. Miyake. Turbulence structure of particle-laden flow in a
vertical plane channel due to vortex shedding, JSME International Journal, Ser.B, 44: 526-535, 2001.

New insights into turbulence modulation by small
particles obtained using point-particle and
particle-resolved DNSs
Takeshi Watanabe, Izumi Saito and Toshiyuki Gotoh
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Turbulent flows observed in nature and engineering generally involve the transport of
small objects such as the grains of sand in rivers, volcanic ash in atmosphere, droplets
in cloud, and so on. To understand the behavior of particles in turbulence is one of the
important issues in the fundamental study of turbulence, so that much eﬀorts have been
made to clarify the nature of particle dynamics in turbulence [1].
In this study we show the importance of time scale τf = (6πνnp r)−1 , where np and r are
respectively the particle number density and particles radius, to characterize the degree
of turbulence modulation. Our DNS results for inertial particles in isotropic turbulence
in the two-way coupling regime show that the turbulent kinetic energy reduction can be
expressed by the single parameter Da, called Damköhler number Da = T /τf , T being the
large-eddy turnover time [2].
Results obtained in [2] rely on the point-particle approximation with two-way coupling
calculation. Recent progress of computing power also allows us to conduct more accurate
DNS of particulate flow that the disturbed flow around each particles is accurately resolved
on grids. Question raised is how the two-way coupling method using point-particles accurately reproduce the turbulence modulation in experiments? Second issue of this study
is to examine the accuracy of turbulence modulation by point particles by conducting
the two kinds of DNSs of isotropic turbulence with small particles: point-particle DNS
(PP-DNS) and particle-resolved DNS (PR-DNS)[3]. For PR-DNS, the flow disturbance
around each particles is accurately resolved by performing the high resolution DNSs with
volume penalization method. It is found that the kinetic energy spectra modified by the
point particles with larger mass loading almost collapse onto the spectral curves obtained
by the PR-DNSs under the same physical conditions. Although the diﬀerence among
PP- and PR-DNSs can be found in the scale below the particle diameter, we show this
is explained by corrected spectrum using the filter function that is originated from the
numerical diﬀusion included in the two-way coupling calculation of PP-DNS.
The authors thank Mr. Tomoki Kozawa for his contribution on numerical simulations.
The computational supports provided by JHPCN (jh180009,jh190018-NAH), the High
Performance Computing (HPC2018) at Nagoya University, the National Institute for Fusion Science of Japan (NIFS18KNXN366, NIFS18KNSS105) are also gratefully acknowledged. This work was supported by MEXT KAKENHI through Grant No. 15H02218
and JSPS KAKENHI Grants No.18K03925 and No.18K13611.
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Atmospheric clouds are well known for their impact on the evolution of global or local
climate, but science has not yet understood many of the physical processes, interactions
and the interplays happening inside and out of the clouds, spanning over a vast range
of spatial and temporal scales [1, 2]. I present two complementary parts of my PhD
activity, focused to contribute to the understanding of the interplay between cloud droplet
micro-physical growth and various small-scale cloud turbulent processes, using numerical
methods.
In the ﬁrst part, I looked into the broadening of cloud droplet population inside smallscale turbulent mixing at the cloud and clear air interface [3]. Using pseudo-spectral direct
numerical simulation along with Lagrangian droplet equations, transient evolution of incloud turbulent kinetic energy, density of water vapour and temperature was simulated
to investigate its impact on size broadening of three initial mono-disperse cloud droplet
populations. Larger droplet populations (∼ 20 µm initial radii) showed signiﬁcant growth
by droplet-droplet collision and a higher rate of gravitational sedimentation. Whereas, the
smaller droplets (6 µm initial radius) did not show any collision or signiﬁcant sedimentation, but a large size distribution broadening due to diﬀerential condensation/evaporation
induced by turbulent mixing.
The second part attemps to understand the role of large hydrometeors [∼ O(mm) size]
on secondary droplet generation. Motivated by the experimental investigation of comparatively large sedimenting droplets which generated secondary cloud droplets in it’s wake
in an atmospheric cloud like environment [4], we conduct incompressible direct numerical
simulations of such precipitating large hydrometeors using Lattice-Boltzmann method in
a cloud like ambient. Fluid ﬂow and advected in-cloud temperature and water vapor
ﬁelds are simulated around a ﬁxed hydrometeor, and we investigate the development of
supersaturation in its wake. In-cloud aerosol populations are simulated as tracer particles, which follow the ﬂuid ﬁeld exactly due to negligible Stokes number of the aerosols.
Depending on the hydrometeor Reynolds number, various ﬂow regimes such as, steady
axisymmetric, steady oblique, transient oscillating, and chaotic wakes are observed. Depending on the ambient temperature and the relative humidity conditions, various extent
of supersaturated air parcels are formed inside the wake, which can activate aerosols.
References
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Turbulence in clouds and many other natural settings involve complex interactions among
nonlinear advective transport, molecular diﬀusion, buoyancy forces, phase change, vapor
droplet dynamics, and other factors. From a numerical point of view, the conduct of direct numerical simulations based on exact fundamental equations addressing all of these
complexities and can be helpful to modeling is clearly a daunting yet worthwhile goal, that
would require computational resources at the so-called exascale, and beyond. However,
in view of the importance of the small scales, one possible strategy may be to ﬁrst obtain
results of highest ﬁdelity possible for the fundamental problem of passive scalars in homogeneous isotropic turbulence [1], and then to introduce various additional complexities.
With this perspective, in this talk we will review recent results on ﬁne-scale intermittency
and extreme events [2] for the velocity ﬁeld at up to 18432 3 grid resolution, and up to
92163 for scalar ﬁelds, obtained using a GPU-optimized pseudo-spectral code [3] on the
200 Petaﬂop/second Summit supercomputer at the Oak Ridge National Laboratory. We
will discuss brieﬂy numerical issues and future research needs for several extensions, such
as problems where molecular diﬀusivities involved are much larger or much smaller than
the ﬂuid kinematic viscosity, where diﬀerential diﬀusion may be important, and where
the scalars are active and modify the turbulence, as would be expected in clouds. Finally,
we will also brieﬂy address a question about the usefulness of short simulations at the
largest feasible problems sizes allowed by state-of-the-art computational platforms.
References
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Large-eddy simulation (LES) is a powerful tool to solve the unsteady and complicated
turbulent phenomena, such as a ﬂow in a gas turbine, Rayleigh-Bénard convection, and
cloud turbulence. In LES, resolved scale or grid-scale (GS) eddies are directly computed
and unresolved scale or subgrid-scale (SGS) eddies are modeled through the SGS stress
tensor τij = ui uj − ui uj . The modeled SGS stress tensor is termed as the SGS model.
So far, a lot of SGS models are proposed and are divided into two groups. One is the
group including the eddy viscosity model such as the Smagorinsky model. The model is
proportional to velocity strain tensor and is an isotropic model. However, it gives the
energy transfer only from GS to SGS, namely, forward scatter. The other is the similarity
model derived from a scale-similarity concept u′i u′j = (ui −ui )(uj −uj ). The latter model is
anisotropic and gives forward scatter and backscatter (from SGS to GS). The backscatter
yields a negative viscosity and it often causes the numerical instability.
A model parameter in the eddy viscosity model was modeled using the Q value that
corresponds to the second invariant of velocity gradient tensor [1]. The positive Q value
exhibits eddy structures. The energy transfer from GS to SGS takes place around the
coherent structures. The SGS model based on the coherent structures is simple and stable.
The model parameter becomes automatically zero in laminar ﬂows owing to annihilation
of eddies, so that the laminar or turbulent transition can be reproduced. Moreover, no
wall-damping function is needed. Consequently, the model has been applied to a lot of
ﬂows around complicated geometries such as a ﬂow around/over many buildings.
The above model is useful, but relatively ﬁne resolution is needed enough to resolve nearwall eddy structures. Recently, a new concept to stabilize the backscatter is proposed
for the similarity model [2]. The eddy viscosity model only dissipates the eddies, but the
similarity model can strengthen the eddies. The anisotropic scale-similarity model shows
good results even in very coarse grid-resolution. Some models show good performance
with free empirical model parameter [3, 4]. In this talk, I introduce the new concept and
the prospect to use it for the passive scalar model with coherent structures.
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High Reynolds number turbulent boundary layer measurement was performed in the Railway Technical Reserach Institute’s Large-scale low-noise wind tunnel in Maibara Japan.
The momentum thickness Reynolds number is up to approximately 8 × 104 . We focus on
the log-law proﬁle in both mean velocity near the wall and turbulence intensity in outer
region. The logarithmic relation of streamwise mean velocity as the result of the overlap
between the inner small scales and outer large scales is
U+ =

1
ln y + + B,
κ

(1)

where U is the mean velocity, y is the distance from the wall, κ is called the von Kármán
constant, B is an additive constant, and superscript + denotes the nondimensional quantity normalized by friction velocity and kinematic viscosity. With regards to streamwise
Reynolds stress, Townsend [1] and Perry et al. suggested a suﬃciently high-Reynolds number presupposition that the logarithmic variation in streamwise (and spanwise) Reynolds
stress has a log-law relation as eq. (1), which is
�

�

u+ u+ = B1 − A1 ln(y/δ)

(2)

where u is the streamwise velocity ﬂuctuation, δ is the boundary-layer thickness , A1 is the
Townsend-Perry constant, B1 is an additive constant, and bracket denotes the averaged
value. This logarithmic variation is derived by the attached-eddy hypotheses and the
kx−1 law for the energy spectrum of the streamwise turbulent velocity, where kx is the
streamwise wavenumber. In this presentation, we study once again the relations Eq.(1)
and Eq.(2) based on the high-Re number measurements. The probability density function
(pdf) of a streamwise velocity component is also studied. From analyzing the data up to
Rθ ∼ 80000, it is found that pdfs have self-similar proﬁles in the log-law region of mean
velocity. Pdf proﬁles asymptote to the universal shape very close to the Gaussian, but are
positively skewed at the core region, indicating smaller values in the tail parts. In the loglaw region of turbulence intensity, pdf is positively skewed slightly. These characteristics
are summarized depending on the Reynolds number.
1 A. A. Townsend The Structure of Turbulent Shear Flow (Cambridge University
Press, Cambridge) 1980
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In this work we discuss various approaches to estimate the turbulence kinetic energy
(TKE) dissipation rate from one-dimensional low resolution time series e.g. records
from airborne measurements of wind velocity ﬂuctuations. We focus on recently proposed
methods of the TKE dissipation-rate retrievals based on zero crossings, recovering the
missing part of the spectrum and variance of velocity derivative. These methods are tested
on synthetic turbulence signals, fully resolved turbulence ﬁelds from direct numerical
simulations (DNS) and real data from airborne measurements in clouds. Results are
compared to standard retrievals using power spectra and structure functions. In-depth
error analysis is performed. Errors due to ﬁnite averaging window, cut-oﬀ frequencies
and diﬀerent ﬁtting ranges are discussed. Anisotropy of turbulence due to buoyancy is
shown to inﬂuence retrievals based on the vertical velocity component. We demonstrate
also, that diﬀerences between results of the methods can indicate deviations from the
Kolmogorov’s theory or the presence of external intermittency, that is the existence of
alternating laminar/turbulent ﬂow patches. Interstingly, the new estimates may be used
to determine the level of external intermittency in the recorded signal, which might be of
particular interest in cloud studies. Finally we will show preliminary results of the metaanalysis of turbulence in marine convective clouds. We will show diﬀerences of turbulence
proprties in cumulus and stratocumulus clouds.
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Convection processes with and without phase changes are ubiquitous in geo- and astrophysical ﬂuid dynamics. Important examples comprise atmospheric boundary layers,
shallow cloud formation, or solar convection. In the present work, we focus on a numerical investigation of these processes by direct numerical simulations without small-scale
parametrizations. As a paradigm for the applications, we take dry and moist RayleighBénard convection in horizontally extended domains. In this setting, the formation of
turbulent superstructures can be observed – a regular patterning of highly chaotic turbulence on its largest scales that typically exceed the layer height. We present models
of dry and moist Boussinesq convection and some ﬁrst simulation results. A comprehensive study of these ﬂows requires new data reduction techniques. We discuss therefore
the application of supervised machine learning algorithms to analyse and even to predict
convective turbulence. In detail, we take one speciﬁc and eﬃcient implementation of recurrent neural networks (RNN), the reservoir computing model. Our work demonstrates
that this RNN model is capable to model the large-scale structure and low-order statistics
of turbulent convection.

Homogeneous turbophoresis of small heavy particles
Jérémie Bec and Robin Vallée
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Cloud droplets have inertia and thus detach from the surrounding turbulent airﬂow to form
uneven distributions and to cluster. Such particles have the tendency to drift out from
excited turbulent regions since faster particles ﬂy longer distances before equilibration.
This fundamental phenomenon, called turbophoresis, has essentially been observed in
inhomogeneous turbulent ﬂow where particles concentrate in regions of low kinetic energy
(see, e.g., [1]). We show here that this eﬀect is also present in homogeneous turbulent
ﬂows and we illustrate and quantify the importance of instantaneous inhomogeneities on
the inertial-range spatial distribution of particles.
Phenomenological arguments show that particles dynamics can be modeled as an advectiondiﬀusion process where the density ρ� (x, t) coarse-grained over a scale � solves
�
�
�
τp
2
∂t ρ� + u · ∇ρp = ∇ κ� ρp , with κ� (x, t) =
∇2 p(x� , t) d3 x� ,
(1)
3� |x� −x|<�
u and p being the ﬂuid velocity and pressure ﬁelds, respectively. The diﬀusion coeﬃcient
appear here inside the Laplacian as a consequence of the ejection process at the basis of
particles detachment from the ﬂuid ﬂow.

This approach is tested against the results of 3D direct numerical simulations in which
Lagrangian, heavy, point-like particles are suspended in a incompressible, homogeneous,
isotropic, statistically stationary turbulent ﬂow at Rλ ≈ 460. We ﬁnd that the diﬀusive
approximation (1) gives very good handle on particle dispersion and concentration at
inertial scales. In particular, it predicts that the particle distribution uniquely depends
on a scale-dependent Peclet number P e(�) = � u� /κ� whose scale dependence relates to
the anomalous scaling properties of the pressure ﬁeld.
Finally, our approach explains the apparition of voids in the particle distribution with sizes
spanning the full inertial range, as observed in 2D [2] or in-situ cloud measurements [3].
Such voids are tracked numerically using the Delaunay triangulation of the set of particles.
As a consequence of turbophoretic eﬀects, their volumes V are shown to follow a non trivial
probability distribution with a power law p(V) ∝ V −α . The exponent α is again related
to the ﬂuid velocity scaling properties.
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Ambient condition may change rapidly and notably over time in urban areas. Conventional
indexes for ambient conditions, such as heat index and wet bulb globe temperature (WBGT),
are useful only in stationary conditions. To estimate the risks of heat-related illness (heat stroke)
or to manage the risk, human thermophysiological responses should be followed for ambient
condition in the time domain. Here, we develop an integrated computational method for
estimating the time course of core temperature and water loss by combining micrometeorology
and human thermal response. We firstly utilize an urban micrometeorology prediction to
reproduce the environment surrounding walkers. The temperature elevations and sweating in a
standard adult and child are then estimated for meteorological conditions. With the
computational method, we estimate the body temperature and thermophysiological responses
for an adult and child walking along a street with two routes (sunny and shaded) in Tokyo on 7
August 2015. The difference in the core temperature elevation in the adult between the two
routes was 0.11 °C, suggesting the necessity for a micrometeorology simulation. The
differences in the computed body core temperatures and water loss of the adult and child were
notable, and were mainly characterized by the surface area-to-mass ratio. The computational
techniques will be useful for the selection of actions to manage the risk of heat-related illness
and for thermal comfort.

(a)

(b)

Figure 1. (a)Threedimensional distribution of instantaneous air temperature for 14:30 JST on 7 August
2015 and (b) resultant distribution of surface temperature of adult and child for shade and sunny side.
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The Advanced Max Planck CloudKite: High-Resolution Airborne Measurements in the
Atmosphere
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Güttler, and Eberhard Bodenschatz
Max Planck Institute for Dynamics and Self-Organization (MPI-DS), Göttingen, Germany
Summary The insufﬁcient understanding of the clouds remains a main source of uncertainty in weather and climate models. To make
progress it is vital to quantify small and large scale atmospheric conditions and ﬂows, and to connect them with a detailed investigation
of the cloud microphysics. This task was the main objective of EUREC4 A ﬁeld campaign, which took place in the Atlantic Ocean and
in the vicinity of the Barbados Cloud Observatory (BCO) in January-February 2020. One of the major in-situ atmospheric platforms
for EUREC4 A was the Max Planck CloudKite (MPCK), which is a hybrid balloon-kite aerostat equipped with a host of state-of-theart instruments to measure three-dimensional wind velocity, cloud droplet size/spatial distributions, and atmospheric state parameters.
Here we present the MPCK+ and the (to-be-obtained) preliminary results collected by MPCK+ during the EUREC4 A.

INTRODUCTION
Clouds are composed of water drops and/or ice crystals suspended in a highly turbulent ﬂow. The microphysics of
cloud particles is governed by nucleation and growth, condensation, evaporation and sublimation, combined with collision
and sedimentation. The complex interactions coupling large scale mechanisms O(100 m) to those of the small scales
O(100 nm) makes clouds very challenging to fully understand. As clouds impact hugely the energy budget of the Earth,
the role of clouds remains one of the big conundrums of weather and climate science [2, 1]. As an example, it is not
understood in a quantitative way how rain develops in warm clouds and how it links to environment in which the clouds
form, including the chemical environment [3].

Figure 1: Schematic visualization of the MPCK+ operation on the R/V MARIA S MERIAN during EUREC4 A. Inset of the top ﬁgure
shows Finite-Element-Method analyses of the guiding frame installed on the a-beam at the back of the vessel in order to make sure
main line doesn’t hit any of the ship’s structures while balloon is ﬂying.

The Advanced Max Planck CloudKite (MPCK+)
The MPCK+, as a hybrid aerostat-kite platform constitutes a new category of aerial platforms that can carry relatively
heavy payloads (∼50 kg up to ∼2 km MSL) while being operated in a TAS range of 0 m s−1 to 30 m s−1 . The low TAS
operational capacity of the MPCK+ combined with the possibility of launching it from a mobile vessel means that it can
follow the cloud in a semi-Lagrangian mode and capture the ﬁne details of cloud evolution in time with exceptionally
high spatial and temporal resolution. The MPCK+ is capable of lifting a net payload of 75kg when operating at an altitude
of 1km above the sea level. The instrument box onboard the MPCK+ is designed for simultaneous acquisition of cloudmicrophysics and cloud/atmospheric turbulence, which includes instruments to detect cloud particle size, shape, and
∗
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spatial distributions and the atmospheric state (turbulence, temperature, and humidity). The battery powered instrument
box is remotely controlled from a ground station. With a fully charged battery, it can collect about 1 − 2 hour of data with
imaging instruments and ∼ 8 hours with non-imaging instruments.
The MPCK+ instrument box is carefully designed to maximize the overlap between probing volumes of various
instruments, see Fig. 2. This makes it possible to resolve the coupling between cloud microphysics and turbulence.
Furthermore, the low wind speed typically encountered by tethered aerostat combined with the high frame rate of our
imaging instruments allows us to capture much smaller inter-frame-distances than those obtained on an aircraft. This
allows us to track cloud evolution in time and space with an unmatched level of detail. Cloudkite measurements can shed
light on the impact of turbulence on the spatial distribution of drops (e.g. existence of clustering, local drop concentrations)
and the way they interact with turbulence, which are central to understanding of rain initiation problem, cloud evolution
and radiative characteristics of clouds. Main scientiﬁc instruments onboard the MPCK+ are:
• Particle Image/Tracking Velocimetry (PIV/PTV): sampling frequency of 15Hz and probing volume of 23cm ×
15cm × 0.3cm, scans 1.6 l s−1 . Output data is 2D particle velocity and spatial distribution.
• In-line Holography: sampling speed of 75fps and probing volume of 1.5cm × 1.5cm × 10cm for drops >6 µm,
scans 1.7 l s−1 . Output data is particle size and 3D spatial distribution.
• Fast Cloud Droplet Probe (FCDP): measures cloud droplet distributions and concentrations in the range of 2–
50µm.
• Laser Doppler Velocimetry: 1D particle velocity measurement <20 kHz.
• Hot-/cold-wires: velocity and temperature measurements at 8 kHz.
• Standard Pitot tube: 100 Hz wind speed measurements.
• Multi-hole Pitot tube: 100 Hz Wind velocity measurements.
• Static pressure, relative humidity and temperature measurement sensors.
Installed PIV and holography systems provide spatially continuous measurements at wind velocities <3 m s−1 and <1 m s−1 ,
respectively.

Figure 2: The MPCK+ instrument box 3D-CAD model. Inset shows a photo of the box without the front cover.
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In this presentation, we summarize the main results of Shima et al. (2019) [1]. The superdroplet method (SDM) is a particle-based numerical algorithm that enables accurate cloud
microphysics simulation with lower computational demand than multi-dimensional bin
schemes. Using SDM, we developed a detailed numerical model of mixed-phase clouds
in which ice morphologies are explicitly predicted without assuming ice categories or
mass-dimension relationships. Ice particles are approximated as porous spheroids. The
elementary cloud microphysics processes considered are advection and sedimentation; immersion/condensation and homogeneous freezing; melting; condensation and evaporation
including cloud condensation nuclei activation and deactivation; deposition and sublimation; collision-coalescence, -riming, and -aggregation. To evaluate the model’s performance, we conducted a 2D large-eddy simulation of a cumulonimbus. The results
well capture characteristics of a real cumulonimbus. The mass-dimension and velocitydimension relationships the model predicted show a reasonable agreement with existing
formulas. Numerical convergence is achieved at a super-particle number concentration as
low as 128/cell, which consumes 30 times more computational time than a two-moment
bulk model. Although the model still has room for improvement, these results strongly
support the eﬃcacy of the particlebased modeling methodology to simulate mixed-phase
clouds.
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Fig. 1: Two-dimensional simulation of a single deep convective cloud using the new
SDM model for mixed-phase clouds. Adapted from Shima et al. (2019) [1].
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Cloud simulation chamber was built at the Meteorological Research Institute (MRI) to
investigate the details of fundamental processes of cloud formation [1]. It was designed as an
adiabatic-expansion-type cloud chamber covering temperatures from 30 to −100°C, pressures
from 1030 to 30 hPa, and an evacuation rates corresponding to ascent rates from 0 to 30 m s −1.
For a better understanding of the aerosol effects on clouds, it is crucially important to reveal
the relationship between the physico-chemical properties of aerosol, such as dry particle size
distribution, cloud condensation nuclei (CCN) and ice nucleating particles (INP) abilities, and
the microphysical properties of cloud, such as initial droplet size distribution and partitioning
water substances into supercooled droplets and ice crystals. Aerosol particles determine aspects
of inside cloud and affect precipitation forecast through precipitation efficiency.
MRI’s cloud chamber was used previously to investigate the ability of surrogates of
atmospheric mineral dust [1, 2], biological material [3] and metal oxides to act as INPs [4] and
to investigate the abilities of hygroscopic and glaciogenic seeding materials to act as CCN and
INPs, along with their effects on the initial microphysical structures of clouds. We also have
been conducted the ground based monitoring of atmospheric aerosols using CCN counter, IN
counter and aerosol instruments for several years at the MRI in Tsukuba. Despite the presence
of various types of aerosol particles in terms of their concentrations, size distributions, and
externally/internally mixed with other materials, INP number concentrations were usually very
low. In this talk, the possibility of atmospheric aerosol particles to act as efficient CCN and
INPs and their role in natural cloud formation processes will be discussed.
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Cloud physics is a multi-scale problem. Relevant processes range from the organization of
cloud ﬁelds (tens of kilometers) to the entrainment-mixing process (hundreds of meters to
centimeters) and the size of individual hydrometeors (less than a millimeter). Representing these scales in a single model and studying their interactions is inherently diﬃcult.
In this talk, I will introduce a new subgrid-scheme for large-eddy simulation (LES) models
coupled with Lagrangian cloud microphysics (LCM). The subgrid-scale model is based on
the linear-eddy model (LEM), an economical, one-dimensional representation of turbulent
compression and folding [1]. The LEM enables the successful representation of inhomogeneous and ﬁnite rate mixing processes with results comparable to direct numerical
simulation (DNS) [2].
In the ﬁrst part of the talk, basic concepts and the coupling of LES, LEM, and LCM will
be introduced. Subsequently, I will present applications of this new approach, covering
warm-phase shallow cumuli and stratocumuli, as well as ﬁrst applications for mixed-phase
clouds [3, 4]. In agreement with theory, clouds susceptible to inhomogeneous mixing
show a reduced droplet number concentration and stronger droplet growth. Stratocumulus entrainment rates tend to be lower using the new approach compared to simulations
without it, indicating a more appropriate representation of the entrainment-mixing process. Finally, the Wegner-Bergeron-Findeisen-Process, leading to a rapid ice formation in
mixed-phase clouds, is also decelerated.
All in all, this new modeling framework bridges the gap between LES and DNS, i.e., it
represents all cloud-physically relevant scales and their interactions in a single model,
granting new insights that have been impossible before.
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Measurements in [1] showed that in the planetary boundary layer, which is occupied by marine
stratocumulus clouds, the Reynolds number is high ( Re  103 104 ) and the effects of
intermittency of turbulent dynamics on small-scales may be significant. The intermittency is
manifested by strong jumps in the velocity record, associated with thin (of order of
Kolmogorov’s scale) and intense (of order of rms-velociy) vortical structures. A cloud droplet
may vigorously respond to those structures. This may result in strong preferential sampling of
the flow (tendency to droplets clustering), in the long-range correlations of the intensity of the
droplet acceleration and in the heavy tails in its acceleration statistics. Our question is how a
cloud droplet may respond to such intense flow structures in the case when clouds are subjected
to the shear flow, and how to model the intermittency effects in this case if the turbulence is
under-resolved? The answer on this question represents the first part of our discussion. To this
end, we performed DNS of homogeneously sheared turbulence loaded by heavy pointwise
particles at the moderate Stokes number, which can be thought of as droplets, and we focused
on the particle acceleration statistics. Apart from our previous findings for the acceleration of
heavy particles in the isotropic box turbulence (such as the significant separation in times in
statistics of the direction and the norm of the acceleration, with the lognormality of the latter),
we observed that the regeneration cycle, induced by the mean shear, may lead to pseudo-cyclic
bursts of averaged acceleration norm, and also to the preferential alignment of the particle
acceleration vector with the direction of long-lived vortical structures stretched along the
positive (extensive) axes of the strain. The latter effect is in contrast to the Maxey mechanism
of preferential sampling of the fluid velocity gradient field [2]. It is interesting that the observed
alignment is stronger if the Stokes number is increased. Such a large range of scales interaction
may be relevant to the cloud large-scale properties, such as precipitation formation. On the other
hand, when the shear turbulence is under-resolved, we need to simulate the effect of
intermittency on residual scales. Two possible approaches are these: (i) to simulate the
intermittency effects by stochastic process along the particle trajectory with the local parameters
taken from the resolved velocity field [3]; or (ii) to develop such a SGS model that the LES
velocity field is no more invariant to the local Reynolds number (since this number is the
parameter of intermittency structures). In [4], we proposed such approach referred to as LESSSAM (stochastic subgrid acceleration model), and we will illustrate the efficiency of this
approach in prediction of statistical effects observed in DNS of homogeneous shear with heavy
particles.
The second part of the talk is also relevant to marine stratocumulus clouds. We will discuss on
the possible application of fragmentation [5] with variable frequency [6] to predict statistically
the cloud breakup [7]. In [6], the kinetic evolution equation of fragmentation is represented in
the continuity form (renormalization of the fragmentation equation), and the new self-similar

solutions (or intermediate asymptotics) have been obtained in the case when the frequency of
fragmentation is a power function of the size of parent fragments. If to assume the physical
parameters of the cloud breakup, such as gravitational potential energy, thickness of the cloud
and the turbulent energy decay, one may express those self-similar solutions by elementary
functions. Surprisingly, these solutions show that the evolution of the cloud fragments
distribution goes with time to the well-known universal Nukiyama–Tanasawa distribution
function. It would be interesting now to compare this result with LES simulations.
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To elucidate the processes of rapid rain drop growth in turbulent clouds and planetesimal
formation in protoplanetary disks, it is important to properly understand the motions of
inertial particles in high-Reynolds number (Re) turbulence. Although the Reynolds numbers of the realistic turbulence phenomena are too high to be attained by direct numerical
simulations (DNSs) of the Navier-Stokes equations, large-scale DNSs of turbulence using
recent supercomputers may provide many hints to understand such complex ﬂow phenomena. It has been shown that in high Re turbulence micro-scale vortices form clusters
of various sizes ranging from the Taylor micro-scale to the integral length scale [1, 2, 3].
On the other hand, it is known that particles with large inertia are not so sensitive to
the details of micro-scale vortices. Therefore, the motions (clustering and collisions) of
particles with large inertia in the vortex clusters in high Re turbulence, which are the
key to understand the realistic phenomena, may be analysed by using appropriate coarse
graining to the large-scale DNS data.
In this paper, ﬁrstly the vortical cluster structures observed in large-scale DNSs of turbulence with the number of grid points up to N 3 = 122883 and the Taylor microscale
Reynolds number up to Rλ ∼ 2300 are reviewed [1, 2, 3]. Secondly, some results of the
DNS data analyses to see the relationships between the motions of inertial particles and
the vortical cluster structures are presented [4, 5].
The computational resources of the K computer provided by the RIKEN Advanced Institute for Computational Science through the HPCI System Research project (Projects
ID:hp190076, hp190084, and hp190185) were partly used in this study. This study is
also partly supported by “Joint Usage/Research Center for Interdisciplinary Large-scale
Information Infrastructures” (Project ID: jh190068).
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In this presentation, we overview the research of aerosol cloud interaction (ACI) using global scale model with explicit representation of cloud microphysics, called Nonhydrostatic ICosahedral Atmospheric Model(NICAM). Using NICAM and K computer,
global scale simulation for 3 years with grid spacing of 14 km and for 2 weeks with grid
spacing of 3.5 km were conducted. From the results of the simulation, we estimated the
susceptibility (λ) deﬁned as:
[

]

[

]

λ = d Log10 (LW P ) /d Log10 (Na ) ,

(1)

where LWP and Na is liquid water path and number concentration of aerosol, respectively.
λ has been believed the positive based on the literature. However, recent satellite observational(Fig.1a) indicated that the λ is not always positive. Our global scale simulation
reasonably reproduced the distribution of λ (Fig. 1b) due to the explicit representation
of clouds process, although traditional GCM estimate λ as positive (Fig. 1c).
In the presentation, we also introduce other results of NICAM targeting on ACI.
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Fig. 1: Susceptibility λ estimated by (a)A-Train satellite,(b)GCRM, and (c)GCM[1]
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How to access Internet using wireless LAN
If you want to access Internet on your PC via our campus network,
please receive a sheet stating security key and ID/PW from an
information clerk, and try to access by following the below procedure.

1. Connect to the access point of wireless LAN
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i.
ii.
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← PW
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iii.
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